Objective: Abdominal aortic aneurysm (AAA) is a frequent, potentially life-threatening, disease that can only be treated by surgical means such as open surgery or endovascular repair. No alternative treatment is currently available, and despite expanding knowledge about the pathomechanism, clinical trials on medical aneurysm abrogation have led to inconclusive results. The heterogeneity of human AAA based on histologic examination is thereby generally neglected. In this study we aimed to further elucidate the role of these differences in aneurysm disease.
Abdominal aortic aneurysm (AAA) is the most frequent form of aneurysmal disease in humans and a leading cause of death in men aged >65 years if not diagnosed early and treated by surgical means. 1 The individual growth rate is very heterogeneous, and disease course and possible rupture are thus hard to estimate. 2 Clinical care therefore focuses on screening and rupture prevention by preemptive aneurysm repair at a threshold diameter. 3 Currently, alternative treatment strategies are missing, and progress is limited by an incomplete understanding of the causative pathophysiology. Human tissue samples are available from open surgery only and thus represent advanced stages of disease. Animal models, despite featuring some characteristics of human AAA, bear the problem of artificial induction by elastase or angiotensin. 4, 5 Nevertheless, the use of human tissue samples and murine aneurysm models has resulted in a widely accepted understanding that the mechanism of inflammation is centered on T-helper cells and proteolytic matrix remodeling that weakens the aortic wall. 6, 7 Yet, the initial stimuli for AAA development, the most abundantly exclusive effect on the infrarenal aorta and the role of adaptive immunity in its progression remain unclear. In addition, the unconvincing results from clinical trials targeting, for example, mast cell, matrix metalloproteinase, or angiotensin-converting enzyme activity, emphasize that current knowledge is incomplete and that promising results from aneurysm abrogation in animal studies cannot be translated relentlessly into medical practice. [8] [9] [10] A neglected challenge in basic research is the heterogeneity of even the AAA not associated with a syndrome. 11 The term "inflammatory aneurysm" is misleadingly applied to a very specific and rare entity of only 2% to 10% of all AAAs, where a thickened wall on radiographic and intraoperative views is linked to acute pleomorphic infiltrates. 12 However, heterogeneous grades of inflammation based on numbers of infiltrating T cells, macrophages, and neutrophils in the aortic wall associated with distinct changes in the extracellular matrix (ECM), including disruption of elastic fibers, tissue fibrosis, angiogenesis, and calcifications, are characteristic histologic features of all human AAA that are not reflected in clinical practice or imaging modalities. [13] [14] [15] In addition, little is known about the role of vascular smooth muscle cell (VSMC) effects regarding the heterogeneous inflammatory status. VSMCs are the most abundant cell type in the aortic media, and their change in phenotype is believed to be a crucial early event in aneurysm development. 16, 17 In this study we aimed to understand the role of differences in the histomorphologic appearance of 42 human AAA samples based on different grades of inflammation in correlation with clinical and radiologic features. We then investigated VSMC-specific regulatory proteins and compared these results with another aneurysm entity, the popliteal artery aneurysm (PAA).
METHODS
Tissue acquisition. Tissue acquisition was in accordance with the Declaration of Helsinki, with approval of the University of Würzburg Ethic Review Committee, and with patients' informed and written consent. Four AAAs and eight PAAs were collected with an adjacent nonaneurysmal vessel that was included as the control probe, respectively. The other control probes were nonaneurysmal vessels from patients who were operated on for other indications. The 42 AAA probes were from the anterior wall. Tissue was immediately rinsed in phosphate-buffered saline and divided for formalin fixation (3,5% formaldehyde; Fischer, Saarbrücken, Germany) and snap freezing in liquid nitrogen. Detailed patient characteristics and specimen numbers are reported in Supplementary Table I (online only) .
Hematoxylin and eosin staining, light microscopy, and digital image acquisition. Sections of paraffinembedded samples (1-2 mm) were mounted on Superfrost slides (Menzel, Bielefeld, Germany) and stained with hematoxylin and eosin and elastica van Gieson (data not shown). Slides were digitalized with a Keyence BZ9000 microscope (Keyence, Osaka, Japan). Image analysis was performed with AZ Analyser II software (Keyence).
Histologic inflammation scale of aneurysm classification, intima/media thickness evaluation, and cluster of differentiation 34-positive vessel counting. Samples stained with hematoxylin and eosin were carefully analyzed for morphologic criteria of aneurysm disease. The AAA samples were then classified according to the histologic inflammation scale of aneurysm (HISA) by two independent researchers, and consensus was obtained when necessary. This scheme was introduced by Rijbroek et al 13 and contains four classes of AAA vessel wall pathology, characterized by different extents of mild/chronic inflammation, lymphocytic infiltration, and fibrosis. Intima/media thickness was calculated by measuring the distance from the adventitia/media margin to the luminal margin of the intima using the AZ Analyser II software (Keyence). Luminal thrombus was not considered. For cluster of differentiation (CD) 34-positive vessel quantification the intima/media of all AAA samples included in RNA analysis (14 high and 11 low inflammatory samples) was investigated by counting positively stained vessels within three different high power fields per sample (high power field: original magnification Â400). The average per sample was calculated and an overall average was calculated and is shown in Fig 1, B. Image analysis. For each patient, the angiogram (computed or magnetic resonance tomography) was analyzed exclusively for this study for the aneurysm/ vessel diameter and the wall thickness on crosssectional plane by a board-certified interventional radiologist and a vascular surgeon without access to the prior radiology report. Luminal thrombus was not considered part of the vessel wall.
Immunohistochemistry. Paraffin-embedded sections (1-2 mm) were stained for different targets with an overnight protocol (Supplementary Table II , online only). Antigen retrieval was done by cooking for 20 minutes in Diva Decloaker (Biocare Medical, Concord, Calif). Endogenous peroxidase activity was quenched with 10 minutes of hydrogen peroxide (Merck, Darmstadt, Germany) incubation. Target staining was done with the Vectastain ABC and the Peroxidase Substrate kit (Vector Laboratories, Burlingame, Calif) after secondary antibody incubation. Counterstaining was done with nuclear fast red aluminum or Mayer's hematoxylin (Carl Roth, Karlsruhe, Germany). Immunohistochemistry was performed for seven to 10 samples of each group. Negative controls were done for each antibody.
RNA extraction. Total cellular RNA was extracted from snap frozen vascular tissue samples from the whole vessel wall with Trizol reagent (Invitrogen, Darmstadt, Germany) according to the manufacturer's protocol. RNA integrity and concentration was verified using the Experion automated electrophoresis station (Bio-Rad Laboratories, Hercules, Calif). RNA studies were available in 25 AAA (14 high and 11 low inflammatory), Reverse-transcriptase quantitative polymerase chain reaction experiments. First strand complementary DNA synthesis used 1 mg total RNA applying the iScriptcDNA synthesis kit (Bio-Rad Laboratories, Hercules, Calif). Quantitative polymerase chain reaction (PCR) was performed with the SYBR Green Master Mix kit (Bio-Rad Laboratories) and run in biological duplicates. PCR was performed with a CFX96 real-time PCR system operated by CFX Manager Software 2.0 (both Bio-Rad Laboratories). Primer sets were designed using PrimerBlast ) . B, Accordingly, the number of vessels per high-power field (HPF) was significantly increased with the inflammatory activity. N, Number of patients investigated. * P < .05 by Welch t-test. C, Vascular endothelial growth factor (VEGF) and its receptors 1 and 2 (VEGFR1/R2) show membranous expression in immune cells, endothelial cells, and VSMCs in these areas. VEGF, VEGFR1, and transcription factor hypoxia-inducible factor 1-a (HIF1a) are upregulated compared with the nonaneurysmal aorta ( Supplementary Fig 3, online only) . D, The expression of HIF1a and VEGF differs significantly between lowinflammatory and high-inflammatory aneurysms. * P < .05, by Welch t-test; n.s., not significant. E, Quantification of VEGF by WB shows accordingly a difference between nonaneurysmal aortas and low-inflammatory and high-inflammatory AAAs (n ¼ 3 samples). GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. Photomicrographs: Lu, lumen. Original magnification Â5; blowout: original magnification Â20; scale bar ¼ 500 mm. Complete WB and specification of polymerase chain reaction (PCR) experiments are shown in Supplementary Fig 3  ( Terminal deoxynucleotide transferase-mediated deoxyuridine triphosphate nick-end labeling assay. Apoptosis assays were performed with the DAB TdT in situ Apoptosis Detection Kit (R&D Systems, Minneapolis, Minn), according to the manufacturer's protocol, with proteinase K pretreatment. A positive control was included on the same aortic tissue with TACS Nuclease (Trevigen, Gaithersburg, Md) pretreatment.
Statistics. Excel software (Microsoft, Bellingham, Wash) was used to perform a Welch t-test for unpaired samples of small numbers for PCR expression data. Mean and median of the results were calculated for control and to estimate the appropriateness of a parametric test. A level of #.05 was considered significant. Measurements from histologic features (intima/media thickness and CD34-positive vessels) were additionally compared with a nondirectional Mann-Whitney test online (vassarstats. net). Graphs and composite figures were made using Excel and PowerPoint (Microsoft).
RESULTS
Histology of AAA specimens is very heterogeneous and not reflected by clinical parameters. Human AAA vessel wall samples have a distinct histomorphology compared with the nonaneurysmal infrarenal aorta (Fig 2) . In specimens from clinically advanced disease obtained during elective surgery, the typical vascular architecture, with adventitia, media, and intima vanishes, and characteristic alterations are detectable. ECM remodeling with destruction of the medial elastic fibers, collagen deposition, fibrosis, VSMC disorganization and nuclei loss, intimal hyperplasia and possible calcifications are seen along with inflammation, angiogenesis, endothelial disruption, thrombus formation, and mural hemorrhage (Fig 2) . However, these features, especially the grade of inflammation and the intima/media remodeling, vary tremendously between individuals.
Applying the HISA classification, we found an even distribution of aneurysms with low (HISA 0/1) and high (HISA 2/3) inflammation (48% vs 52%) in the 42 AAA samples (Fig 2; Supplementary Table I , online only). 13 Low inflammation was characterized by absence or formation of inflammatory infiltrates in the outer medial layers, and the probes showed a thin intima/media with possible calcifications. High inflammatory probes showed extensive transmural infiltrates and significant thickening of the intima/media layer with additional signs of hemorrhages (Fig 2) . Inflammatory infiltrates consisted of lymphoid cells, CD68-positive macrophages, and neutrophils. Cell turnover was localized exclusively to areas of inflammatory infiltrates ( Supplementary  Fig 1, online only) . No apoptotic events were found in the vessel wall by terminal deoxynucleotide transferasemediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay and apoptosis-related protein B-cell lymphoma 2 showed equal expression in aneurysms and nonaneurysmal aorta ( Supplementary Figs 2 and 3 , online only). The histologic diversity was only partly reflected by findings on computed tomography angiography.
Only three patients with the correlate of acutely superinfected aneurysm with extensive acute pleomorphic infiltrates showed a thickening of the aneurysm wall with contrast enhancement (Fig 2) . AAA diameter was evenly distributed (Fig 2) . Patient characteristics between lowinflammatory and high-inflammatory AAAs showed no differences for age, sex, rupture rate, and leukocyte count. Comorbidities, such as hypertension, diabetes, coronary artery disease, smoking, kidney disease, history of stroke, or chronic obstructive pulmonary disease were evenly distributed among all groups (Supplementary Table I , online only). A slightly elevated C-reactive protein serum level of 3.67 6 7.3 mg/dL was noted in the HISA 3 group in contrast to normal levels in the others.
Intima/media angiogenesis is associated with inflammatory activity. To further characterize the human AAA samples, we analyzed medial angiogenesis, a characteristic feature of advanced aneurysmal disease. Angiogenesis occurs in the media and the hyperplastic intima, often associated with perivascular inflammatory Abdominal aortic aneurysm (AAA) histomorphology, intima/media width, and radiographs A and B, AAA samples show a heterogeneous morphologic appearance compared with the nonaneurysmal infrarenal aorta on hematoxylin and eosin staining. Low-inflammatory AAAs, defined as histologic inflammation scale of aneurysm (HISA) 0 or 1, have infiltrates limited to the adventitia-media border (*) and show calcifications (þ) and destruction of medial elastic fibers. High-inflammatory AAAs, HISA 2 or 3, show pronounced inflammation and enriched collagen content in the media, along with extensive neoangiogenesis, perivascular infiltrates and medial hemorrhage (#). B, The typical vessel architecture consisting of adventitia (Adv), media (Med) with elastic fibers, and intima (Int) of the nonaneurysmal infrarenal aorta was undetectable in all AAA samples. C, The grade of inflammation did not correlate with AAA diameter based on imaging. D, Thickening of the intima/media layer was significantly enlarged in high-inflammatory AAA compared with the nonaneurysmal aorta and lowinflammatory AAA. N, Number of patients investigated; M, mean; AAA was defined as aortic diameter $30 mm. The horizontal line in the middle of each box indicates the median; the top and bottom borders of the box mark the 75th and 25th percentiles, respectively, and the whiskers above and below the box extend the 1.5 interquartile range in either direction. * P <.05 by nondirectional Mann-Whitney test. E, Cross-sectional computed tomography angiography (CTA) of AAA patients partly reflects the histologic changes. The aneurysm wall on the left representative CTA is thin (arrowhead) and calcified, whereas a broad wall with contrast enhancement (arrowhead) is only observed in the acute inflammatory AAA. The aneurysm diameter takes into account the perfused lumen (Lu) and the luminal thrombus (Th) formation. Scale bar ¼ 10 mm. Photomicrographs of histologic samples: the scale bar ¼ 500 mm in histology; original magnification Â5; and the aortic lumen is toward the right.
infiltrates (Fig 1) . Mature vessels are characterized by CD31 positivity, whereas growing vessels are additionally CD34 positive. 18 Their number was significantly associated with inflammatory activity in AAA (Fig 1) . No medial or intimal vessels were seen in nonaneurysmal aortas. Angiogenesis was associated with increased expression of vascular endothelial-derived growth factor (VEGF) and its receptors 1 and 2 (VEGFR1/R2) in inflammatory cells, endothelial cells, and VSMCs (Fig 1) . So was transcription factor hypoxia inducible factor 1-a (HIF1a). VEGFR2 was found equally expressed ( Supplementary Fig 3, online only). HIF1a and VEGF significantly differed depending on the grade of inflammation (Fig 1) . VEGF was quantified by WB analysis on the protein level and accordingly showed higher abundance in correlation with inflammatory activity and thus intima/media width (Figs 1 and 2 ). HIF1-a was found in nuclei throughout the aneurysmal wall, regardless of the distance to the next vessel ( Supplementary Fig 2, online only) .
VSMC phenotype switch is independent of inflammatory activity. The VSMCs switch from a quiescent, contractile to an actively synthesizing, dedifferentiated state in AAA. We therefore studied this phenomenon for the influence of inflammatory activity.
Triple positivity for the intermediate filaments actin, vimentin, and desmin is seen in nonaneurysmal vessels (Fig 3) . Desmin crosslinks myofibrils and is thus characteristic for the differentiated, contractile phenotype. Accordingly, no desmin-positive VSMCs were seen in AAA, neither in low-inflammatory nor in high-inflammatory samples (Fig 2) . The expression of transcription factor myocardin (MYOCD) was equally significantly in AAAs (Fig 3) .
To further characterize this association, we checked the mRNA expression of transcription factors and cell-cycle regulators associated with VSMC plasticity. Kruppel-like factor 4 (KLF4) showed a significant upregulation in AAA, independent of inflammatory grades. On the protein level, KLF4 showed expression in inflammatory cells and VSMCs throughout the media, yet more abundantly in areas with inflammatory infiltrates (Fig 2) . Serum response factor, tumor protein p53, or mitogenactivated protein kinase 1 were equally expressed in AAAs and nonaneurysmal aortas ( Supplementary Fig 3, online only).
Transforming growth factor-b is downregulated in AAA and protein localization changes. We also checked for possible differences in transforming growth factor-b (TGFb) production, an important extracellular and intracellular mediator involved in VSMC signaling and response to injury. In the nonaneurysmal aorta, the protein is mostly located to VSMCs of the aortic media and the surrounding ECM (Fig 4) . PCR suggested significant 0.5-fold downregulation of TGFb in AAA compared with the aorta, with no difference between lowinflammatory and high-inflammatory samples (Fig 4;  Supplementary Fig 3, online only) . Quantification by WB and immunohistochemistry of the protein in AAA samples showed equal protein amounts in the disease probes (Fig 4) . TGF-b was located in cells and ECM, pronounced around inflammatory infiltrates and in VSMCs of supplying vessels and neovessels within the AAA intima/media (Fig 4) .
Characteristic ECM remodeling of AAA is similar in PAA. To further specify the role of these results in aneurysm disease and to determine whether the effects are aorta specific, we investigated 15 PAAs and eight nonaneurysmal popliteal arteries.
Histomorphology showed similar features of advanced aneurysm disease, such as ECM remodeling, loss of the inner and outer elastic layer in the muscular artery, neoangiogenesis, calcifications, and inflammatory infiltrates (Fig 5) . The 15 samples had, however, a more homogeneous phenotypic pattern, with moderate differences in their grade of inflammatory infiltrates. Transforming growth factor-b1 (TGF-b1) expression in abdominal aortic aneurysms (AAAs) and nonaneurysmal aortas. A, In the nonaneurysmal aorta, TGF-b1 is located intracellularly and extracellularly in the vascular smooth muscle cells (VSMCs) of the media and the extracellular matrix (ECM). In the AAA vessel walls, TGF-b1 is found in VSMCs of the media and the supplying vessels (#) and the ECM but is mostly associated with inflammatory cells in the medial infiltrates. *Luminal thrombus. B, Polymerase chain reaction (PCR) of wall samples from the whole vessel shows a significant 0.5-fold downregulation in AAA samples, independent of the inflammatory grading, compared with the nonaneurysmal aorta. n.s., Not significant. C, Western blot (WB) analysis showed almost equal bands for the mature form of TGF-b1 in specimens from the AAA and the nonaneurysmal aorta. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. Photomicrographs: original magnification Â5; blowout: original magnification Â20; scale bar ¼ 500 mm. L, Lumen. Complete WB and specifications of the PCR experiments are shown in Supplementary Fig 3 (online only) . Accordingly, extensive wall thickening was not observed (data not shown). No differences were seen in patients' clinical characteristics (Supplementary  Table I , online only).
Medial and intimal angiogenesis with CD31/CD34 double-positive vessels was exclusively seen in PAA compared with native popliteal artery samples and HIF1a, VEGF, and VEGFR1/R2 were upregulated similar to the results seen in AAA (Fig 5) . Immunohistochemistry showed comparable tissue expression (data not shown). Quantification of VEGF by WB showed higher abundance in aneurysmatic than in nonaneurysmal vessels (Fig 5) .
Phenotype switch of popliteal VSMCs was characterized by loss of desmin positivity and downregulation of MYOCD (Supplementary Fig 4, online only) . Immunohistochemistry of KLF4 showed higher expression in PAAs, focused around areas of dense cellularity, compared with nonaneurysmal arteries, whereas mRNA levels only showed an upward trend (Fig 5) . All other investigated transcription factors were in accordance with previous results and showed no differential expression between PAAs and the control vessels ( Supplementary Fig 3, online only) .
Lastly, results for TGFb1 were also coherent to the findings for AAA. Protein was localized intracellularly and A, The popliteal artery, unlike the aorta, is a muscular artery with an inner and outer elastic membrane framing the media on both sides. Comparative histology to PAA shows extracellular matrix (ECM) remodeling, loss of the elastic membranes, reduction of cell number, possible calcification, angiogenesis, and inflammatory infiltrates. Transforming growth factor-b1 (TGF-b1) is localized in cells and ECM around medial vascular smooth muscle cells (VSMCs) in the popliteal artery and is less abundant and concentrated around inflammatory infiltrates in PAA. The transcription factor Kruppellike factor 4 (KLF4) is expressed in both the dilated and the normal vessel; however, expression is higher and denser in PAA. B, Messenger (m)RNA-regulation of the investigated genes is similar in PAA and AAA but is less significant in PAA. C, WB analysis of vascular endothelial growth factor (VEGF) showed higher expression, and analysis of TGF-b1 showed a lower abundance in PAAs. CD, Cluster of differentiation; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; HE, hematoxylin and eosin; Lu, lumen. Photomicrographs: original magnification Â5; blowout: original magnification Â40; scale bar ¼ 500 mm; * P < .05 by Welch t-test. Complete WB and specification of polymerase chain reaction (PCR) experiments are shown in Supplementary Fig 3, online only. extracellularly in both aneurysmal and nondilated arteries but was less abundant and shifted towards inflammatory regions in PAA (Fig 5) . This observation was well quantified by WB on wall samples from the whole vessel and downregulation of mRNA (Fig 5) .
DISCUSSION
In this study we were able to show that inflammatory activity in human AAA varies tremendously, with no correlation to aneurysm diameter, yet with increasing intima/media thickness and vessel wall angiogenesis. VSMC dedifferentiation occurs independently of the inflammatory grade or the vascular localization.
These results emphasize the importance of characterizing the specific target of interest for tissue heterogeneity, especially when mechanistic studies are to be translated into clinical trials, as we could previously demonstrate for various microRNAs. 19 The same might be necessary for biomarker studies. Our study is based on histologic examination from paraffin-embedded samples as well as RNA and protein analysis of wall samples from whole vessels, and thus, the results reflect various cell types simultaneously. However, the chosen combination of PCR analysis, protein localization by immunohistochemistry, and quantification by WB allows for some mechanistic assumptions. Future cell culture studies and laser capture microscopy with consecutive single-cell RNA analysis of human primary tissues could help to clarify results. To allow conclusive analysis in our 42 AAA samples, the original HISA classification was simplified to low-inflammatory and high-inflammatory aneurysms, as others have previously done. 20 Our study also focuses on structure and changes in the aortic media, not necessarily taking into account the adventitia, the role of which is of unclear significance, yet might be a reservoir for mesenchymal stem cells, believed to be involved in various vascular diseases. AAA is, however, thought to be a disease of the media, whereas atherosclerotic mechanisms are more centered on the endothelium. 6 Inflammatory activity was independent of AAA diameter, suggesting distinct disease entities rather than a continuous process of aneurysm growth based on increasing inflammation, also reflected by equal baseline characteristics of the patients involved (Fig 2;  Supplementary Table I, online only) . 6, 21, 22 Because of the retrospective nature of the clinical data, no further imaging data was available to study other aspects, such as the influence of different wall strains or focal wall failure on inflammatory activity. Intima/media width and, accordingly, the number of CD34-positive vessels increased with the inflammatory grade of AAA (Figs 1 and 2) . However, only in acute inflammatory aneurysms (3 of 42 AAAs) was marked thickening of the entire vessel wall observed on computed tomography angiography (Fig 2) . CD34-related angiogenesis might thus be a tool to identify high-inflammatory and low-inflammatory aneurysms by new imaging techniques or serum analysis. [23] [24] [25] In general, CD34-positive cells are annotated as having progenitor characteristics, not only for vessel formation; thus, increasing CD34 positivity might be suggestive of progenitor cell involvement, whose role in aneurysm formation or an eventual innate repair process, as well as origin, warrants further research. From a mechanistic perspective, we could identify inflammation-dependent upregulation of HIF1a and VEGF in aneurysmal tissue with expression in endothelial cells, VSMCs, and inflammatory cells (Fig 1) . This canonical HIF1-a/VEGF/VEGFR cascade is the most potent regulator of angiogenesis triggered primarily by hypoxia, but also by other stimuli, such as inflammation. 26 The expression of HIF1-a throughout the aortic wall and not in a gradient toward the abluminal sides of the vessel remains observational ( Supplementary Fig 2, online only). VEGFR1 and VEGFR2 are the mediators of blood vessel angiogenesis, whereas VEGFR3 is exclusive to lymphatic vessels; however, all three might be found at the same time, and the actual proportional expression is crucial for the downstream effects. 27, 28 In this respect, our results demonstrate upregulation of VEGFR1 rather than VEGFR2 in AAA, suggestive of an antiapoptotic, proangiogenic mechanism (Fig 1; Supplementary Fig 3, online  only) . 27 This is further verified by the absence of apoptosis in TUNEL assays and the upregulation of antiapoptotic protein B-cell lymphoma 2 and the equal expression of proapoptotic tumor protein p53 (Supplementary Figs 2 and 3, online only) . 27, 29 Angiogenesis should thus be considered a salvage mechanism for the vessel wall in AAA formation. Any attempts of abrogation by angiogenesis inhibitors must be carefully reviewed, especially because higher rates of apoptosis have been described at the rupture site of human AAA. 7, 30 Despite the differences in the structural, inflammatory, and angiogenetic components, the role of VSMC dedifferentiation appears to be more generalized (Figs 2 and 3) . VSMCs are most abundant in human AAA samples, and even after depletion of neutrophils, AAAs can still be induced in murine models because of their characteristic effects (ie, matrix metalloproteinase production). 6, 16, 17 The phenotype switch is defined by loss of the muscular functional profile with loss of desmin, smooth muscle actin 22, calponin, or MYOCD. 17, 18, 31 Our results confirm this phenotypic characteristics in low-inflammatory and high-inflammatory AAAs by negative staining for desmin and downregulation of MYOCD (Figs 3 and 4 ; Supplementary Figs 3 and 4 , online only). The classic concept of the VSMC has lately been challenged by showing their potential to transdifferentiate into various cell types, including macrophages, mesenchymal stem cells, and fibroblasts, and vice versa, within vascular disease, such as atherosclerosis and aneurysm. 32, 33 KLF4 is one of the major regulators involved in this plasticity. Here we could demonstrate that KLF4 is upregulated independently from the AAA inflammatory grade and expressed in the VSMCs of the aneurysmatic media (Fig 3) . Only sporadic KLF4-positive staining was seen in control tissue (data not shown). In vitro analysis even suggests direct suppression of MYOCD by KLF4. 34 Other VSMC proteins, such as p53, serum response factor, or mitogen-activated protein kinase 1 showed equal expression in AAA and nonaneurysmal vessels, and therefore, might not be of crucial importance, at least not in later stages of human aneurysm disease ( Supplementary Fig 3, online only). TGF-b has for a long time been linked to aneurysmal disease but has gained additional attention since the discovery of Loeys-Dietz syndrome, where nonfunctional canonical TGF-b signaling caused by mutations in TGF-b receptor 1 and 2 is associated with variable aneurysm formation in aortic and peripheral arterial positions. 35 However, the exact role of this very central and embryologic crucial pathway in aneurysm formation remains unclear because of various interactions with other core mechanisms. One basic feature of extracellular TGF-b, as seen in abundance in our nonaneurysmal control samples, is of a sensory nature, reacting to changes in the ECM and initiating a multilayer response in VSMCs (Fig 4) . 36 Although the total amount of TGF-b protein did not change in aneurysms, its localization did, and expression was concentrated around inflammatory infiltrates (Fig 4) . Interestingly, on the RNA level, we noticed significant downregulation in both inflammatory states (Fig 4; Supplementary Fig 4, online only). TGF-b signaling involves various downstream effectors, especially the SMAD proteins 2 and 3 and their phosphorylated versions, a topic not covered in this report but warranting further dedicated research. Yet, a close connection and opposed regulation by direct interaction between KLF4 and TGFb is supposed. 37 Lastly, we were able to demonstrate that the observed effects are not exclusive to the aorta, but additionally show similar trends in PAAs, the most frequent site of peripheral aneurysm formation. 38 The number of samples was smaller, only6 eight control samples and eight PAAs; however, aneurysmal and nonaneurysmal parts of the vessel were taken from the same patient and the observed effects might thus be considered very aneurysm-specific (Supplementary Table I , online only). 15 The popliteal artery is of muscular phenotype, thus richer in the number of VSMCs compared with the elastic nature of the aorta and is also of different embryologic background; yet, comparing the results of those two entities can lead to a better general understanding of aneurysmal disease. 19, 39, 40 Results from immunohistochemistry and WB were thus very convincingly in line with the findings from AAA. PCR analysis revealed similar trends, with, however, no statistical significance, possibly caused by a low number of samples (Fig 5) . Despite similar composition of involved cells, a lower inflammatory component in PAA samples has to be taken into account, regarding the lower total TGF-b protein on WB analysis (Fig 5) .
CONCLUSIONS
Heterogeneity of tissue remodeling based on inflammatory activity in human AAA tissue must be included in basic research. The independency from vessel diameter and patients' characteristics might be highly suggestive of distinct disease entities. Medial angiogenesis correlates with this inflammatory activity and consecutive vessel wall thickening and might help to distinguish between different forms of aneurysms. Medial VSMC regulatory factors, such as KLF4 or TGF-b, show similar trends regardless of the inflammatory grade of the AAA or the localization of the aneurysm compared with PAA and might thus have a crucial role in aneurysm development and progression.
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